Abstract-Ethanol is being increasingly used as an alternative fuel to petroleum-based gasoline and diesel derivatives. Currently available flexible fuel vehicles (FFVs) can operate on a blend of gasoline and ethanol in any concentration of up to 85% ethanol (93% in Brazil) with minimum hardware modifications. This flexibility is partly achieved through the closed-loop air-to-fuel ratio control which maintains automatically operation around the stoichiometric ratio. Precise transient air-to-fuel ratio (AFR) control depends however on a feedforward compensator that reduces the transient effects of fuel puddle dynamics. An accurate and tunable model of the fuel puddle dynamics for gasoline-ethanol blends is, thus, necessary for the purpose of AFR control. In this paper, we propose a physics-based fuel puddle model that may be used for control purposes in flex-fuel vehicles. In particular, the gasoline-ethanol blend is modeled using several chemical M. Jankovic is with the Ford Research and Advanced Engineering,
I. INTRODUCTION
C URRENTLY available flexible fuel vehicles (FFVs) can operate on a blend of gasoline and ethanol in any concentration of up to 85% ethanol. The blend is denoted by the EXX nomenclature, where XX represents the volumetric percentage of ethanol in the blend. The United States commonly uses E85 as an alternative to the normal E0 or gasoline fuel. In Brazil, however, the fuel blend also contains water and E100 refers to a blend of 93% ethanol and 7% of water [6] . Such fuel blends mixed with the addition of water are not considered in this paper. Given the effect of fuel variation, FFVs should embed engine calibration maps in their controllers and management systems to account for this variation. One of such calibration map would account for the effect of ethanol concentration on the fuel puddle dynamics and the associated fuel injection compensation for tight air-to-fuel regulation of the stoichiometric ratio of each fuel.
Air-to-fuel ratio (AFR) control around the stoichiometric ratio of a fuel blend is important to meet stringent emission requirements for spark ignition (SI) engines. For a given air charge, the stoichiometric fuel is typically achieved by a combination of feedforward and feedback control on the fuel injection. The feedback controller is based on the measured ratio of the actual AFR to the stoichiometric ratio through an exhaust gas oxygen sensor. The ratio is compared to and the error is used by a proportional-integral (PI) controller to adjust the fuel command. Due to the long delays in the feedback loop, most engine controllers employ a feedforward fuel command which is primarily derived from the estimated cylinder air charge divided by the assumed stoichiometric ratio of the assumed fuel blend. Furthermore, the feedforward is usually designed to eliminate the transient effects of fuel puddle dynamics in port fuel injected (PFI) engines.
Since the puddle dynamics and hence the fuel entering the cylinder depend on the ethanol content, transient fuel compensation (TFC) should be based on the gasoline-ethanol content and should retain the ability to be used in wide range of operating conditions. To this end, it is desirable to design a low-order model with a few tunable physical parameters.
A model for transient fuel compensation of gasoline in the form of a simple linear time invariant model for the fuel puddle dynamics was first introduced by Aquino in the early 1980s [1] . Curtis et al. developed the four puddle model (FPM) in which fuel films are distributed in four different locations in a PFI engine and the physics of fuel vaporization is well-exploited with use of multi-component fuel model [4] . Locatelli et al. in [13] introduced a simple control-oriented wall-wetting model based on physical principles, where the port injected fuel dynamics is modeled as uniform droplet vaporization and exponential decay of the number of airborne droplets. An extended Kalman filter is used then to identify the physical parameters of the puddle dynamics for a gasoline fuel in [14] . The proposed model in this paper has the same basic structure as that of the model by Locatelli et al. [13] but extended to account for the vaporization of the various primitive chemical components that comprise the gasoline-ethanol blends. Adapting [13] for an aggregate gasoline-ethanol fuel blend by interpolation between the gasoline and ethanol volatility curves was found inadequate for two reasons. First, the volatility curves obtained at standard atmospheric pressure do not account for the strong vaporization dependency on manifold pressure [17] . Second, the volatility curve of E85 is very steep at the boiling temperature of ethanol. There should be then huge uncertainty in obtaining the vaporized mass fraction in the model at liquid fuel temperature near the boiling temperature. Almost no vaporization is obtained below the boiling temperature and almost all vaporization is obtained above the boiling temperature. The second inadequacy actually arises from misinterpreting the fuel volatility experiments used primarily for the classification of fuels [7] . Fuel volatility curves are obtained by the distillation process in which a volume of liquid fuel whose exposed surface area is relatively small is boiled by applying heat to the liquid. However, in the injected fuel spray and the fuel film on the intake wall, not only the total volume of liquid fuel is small but also the ratio of volume to the exposed surface area is small, thus causing more chance of evaporation before the liquid temperature reaches the boiling temperature. In addition, the volatility curve cannot be utilized to evaluate certain property instantaneously since the vaporized fraction obtained by the volatility curve is a cumulative sum over a certain heating period.
Batteh and Curtis introduced a fuel puddle dynamic model with alternative fuels in 2005 [2] . They used the four puddle model but unfortunately the fuel was modeled as a different combination of several fuel components for each fuel blend, i.e., indolene, E22 and E85 not allowing a continuous variation within the E0-E85 range. Their model is actually not an invertible model, which was not fundamentally developed for transient compensator design.
In this paper, we present a physics-based single puddle model using multi-component model fuel for FFVs. The model is divided into two parts: droplet evaporation model to generate the wall-impacting portion of the injected fuel and the single puddle vaporization model. 1 To capture the characteristics of the physical vaporization process, a multi-component fuel model parameterized by the ethanol content is utilized. To verify the validity of the model, model simulation results are compared with the experimental data provided in [2] for E0, E22, and E85. A transient fuel compensator using the proposed model is also formulated. Since direct pole-zero cancellation similar to the and precompensator of [15] is not possible for the nonlinear multi-component fuel puddle model, where and are the wall impacting factor and the fuel film vaporization time constant, respectively, introduced in [1] , an approximation is used to invert the model to design a TFC. The approximation is demonstrated with a TFC simulation.
II. STUDY WITH A SIMPLE FUEL PUDDLE MODEL FOR A SPECIFIC FUEL BLEND
In this section, we introduce a simple fuel puddle model for a specific fuel blend with a fixed volume fraction of ethanol in the fuel blend based on the puddle model introduced in [11] which is adapted from Aquino's model [1] . The purpose of this section is to demonstrate the nonlinear variation of model parameters with change of the ethanol content, which are identified from experimental data, and hence to justify the need for the proposed model. The parameter calibration of and is not a simple procedure in general because these two parameters depend on many engine variables such as pressure, flow, and temperature [11] , [3] , [16] . Adding fuel composition variability increases further the complexity of the parameterization. Moreover, we show below that parameterizing the puddle dynamics using the Aquino's model structure for the two extreme ethanol concentrations, namely E0 and E85, does not allow interpolation for capturing the puddle behavior for intermediate ethanol blends.
The mass of the fuel puddle at intake valve opening, , is equal to the sum of the previous-cycle fuel puddle mass and the fraction of the newly injected fuel that hits the puddle. The mass of fuel at intake valve closing is reduced by the amount of evaporated fuel during the intake stroke (1) (2) where is the fuel mass inducted into the cylinder at step is a time-varying parameter which is the fraction of injected fuel that hits the puddle and is expressed by (3) This model (1) and (2), has exactly the same structure as introduced in [11] . To simplify the evaporation model, we introduce another time-varying parameter in place of so that the evaporated mass at step is expressed as . The parameter is the evaporated mass fraction during the intake valve open from the puddle mass at intake valve opening. The fuel puddle model is then expressed as (4) (5) For parameter identification using the experimental data for each fuel blend, we include and in our observations since can be obtained by the commanded injection amount and can be calculated by using the measured (and approximated) cylinder air charge, measured UEGO data and appropriate transport delay and a time lag associated with the engine/sensor process. Let us define the following two variables for convenience: (6) From (5), is expressed as
By eliminating in (4) using (7), we obtain Assume that is approximately the same between two consecutive cycles. By applying , the above equation is simplified to (8) By introducing
, (8) is expressed in a convenient form for regression (9) We used each experimental data set of E0, E22, and E85 as shown in Figs. 6 and 8 for E0 fuel case, for parameter identification of and and hence and for each fuel blend. For the limited test data available, one engine speed and two manifold pressures and associated air and fuel flows during the warm-up phase for three fuels were available. The parameters and were, hence, only modeled as functions of engine coolant temperature. Parameters and were actually regressed as secondorder polynomials of engine coolant temperature (ECT) with coefficients identified by standard least squares technique. Data from the very early phase of the engine start period were eliminated since engine RPM steeply increases. Half of the remaining data was utilized for the least squares fit and the other half was used for validation involving comparison of the experimental data and the identified model output. Fig. 1 depicts the AFR comparison between the data and the model output for the data set of E0, showing good parameter fitting result. Fig. 2 shows the identified fuel puddle model parameters for each fuel blend versus the engine coolant temperature. It is observed that the parameters for E0, E22, and E85 are different and neither parameter for E22 can be uniformly interpolated between the E0 and E85 parameters. Based on this observation, it is not clear how many fuel blends one needs to test in order to identify and adequately interpolate the puddle parameters in addition to the fuel specific parameterizations for ECT, manifold absolute pressure and engine RPM [11] . Note that online identification of the and parameters [20] is very challenging due to the fast changes in the parameters space (RPM, MAP, ECT) during typical driving scenarios. Therefore, even though fuel puddle dynamics seems to be a fairly simple dynamic process, a certain level of complexity involved with a physics-based model may be inevitable to appropriately capture the different dynamic characteristics for different fuel blends. 
III. MULTI-COMPONENT MODEL FUEL
The multi-component model fuel for gasoline can be constructed by selecting a combination of several fuel compounds which mimics the volatility of real fuel as in [7] . Table I shows such specific combinations for gasoline model listed in [5] , [7] , and [2] and the combination used in this paper. The mass fractions used in this paper were determined by reducing fuel components and adjusting mass fractions from the combination of mass fractions of [5] until the error between the modeled and measured [2] converged to a small value after the model tuning constants were fixed to match the experimental data for the model fuel of [5] . The experimental data targeted to provide the model tuning are the responses from the engine warm-up tests with several tip-ins and tip-outs as described in [2] and shown in Section VI where simulations are discussed.
A gasoline-ethanol blend is then modeled as a combination of five chemical compounds including ethanol. Let and denote the volume fraction and the mass fraction of ethanol in a gasoline-ethanol blend, respectively. The mass fraction is calculated by (10) Let denote the mass fraction of each component for the gasoline model fuel where is the index representing each component, which is directly read from the last column in Table I . The mass fraction of each component in the fuel blend is then expressed as
IV. DROPLET EVAPORATION MODEL
It is assumed that spherical shape droplets of the same size are formed right after fuel injection. The total number of airborne droplets are modeled as an exponential decaying process [13] . The number of droplets is reduced by hitting the port wall. Droplets vaporize while they are airborne. The total mass of vaporization from droplets is regarded as the fuel mass inducted into the cylinder. A mathematical model for this process is constructed as follows. All fuel is injected as droplets of initial diameter with resulting initial droplet mass and initial mass of each component in a droplet
, where denotes the initial density of mixture. Each droplet is then reduced by the droplet evaporation. Assuming stagnant air surrounding a droplet 2 and fuel vapors far from the droplet surface being zero, the evolution of each droplet mass and its individual component masses are dictated by the droplet evaporation rate as in [18] , [19] , [25] (11) (12) with (13) where the droplet diameter follows the droplet mass reduction denotes the mass fraction of each fuel component above the droplet, is the transfer number, is diffusion coefficient of the fuel vapor, and the specific volume is calculated as mass-weighted average of specific volumes of each fuel component. Although the experimentally observed vapor pressure for gasoline-ethanol blends deviates from the one expected from ideal mixtures as shown in [12] , we neglect this complexity and use Raoult's law to our control-oriented model. According to Raoult's law [23] , the mass fraction of each fuel component above the droplet is expressed as (14) The transfer number is calculated as follows [2] , [21] , [23] : with the partial pressure of air calculated from (16) where summation is performed over all fuel components, denotes the normal vapor pressure of the th fuel component, is the molecular weight of the th fuel component, is the molecular weight of air (28.97 g/mol), denotes the manifold absolute pressure (MAP) and is defined as the mass fraction of the th fuel component in the droplet (17) The diffusion coefficient and the normal vapor pressures should be evaluated at the droplet surface temperature. However, it is hard to exactly predict the temperature. Instead, we use an apparent temperature which is parameterized by the ethanol content and the ECT (18) where , and are three tuning constants. There are publications of fuel puddle dynamic models which include temperature dynamics of explicit states, i.e., differential equations for some temperatures, e.g., valve, cylinder, and port temperatures [2] , [13] . The purpose of a dynamic temperature model is to explicitly evaluate a physical property at the temperature of a designated location. However, it is still difficult to establish a simple dynamic model to predict the droplet surface temperature and a dynamic temperature model usually needs several tuning constants in the equations. A dynamic temperature model may be introduced to our model in future study. Nevertheless, in this paper, we regard a temperature change approximately as a static process parameterized by the ECT, which is measured online. The apparent temperature does not play a role of approximating a specific temperature at a designated location. It serves as a reference temperature which gives relative distance of thermophysical properties relevant to the physical process. Using (14) and (15), (12) is expressed as (19) Calculation of diffusion coefficient, , for multi-component fuel is approximated here by mass-weighted average of diffusion coefficients of each fuel component and each coefficient may be looked up from [26] which gives functional expression in temperature. The following relation that kinetic theory would pose under ideal gas behavior assumption is also utilized [9] , [10] (20)
Calculation of normal vapor pressures can be also done by the functional expression in temperature provided in [26] .
Let denote the ratio of the wall-impacting mass of th component to the total injected mass of fuel, which is the output of the droplet evaporation model and is the input to the single puddle vaporization model which will be discussed in the following section. The mass balance is then expressed as (21) where is the time constant of the decay of the number of airborne droplets, is the time for complete vaporization of single droplet, i.e.,
. The time constant is a universal tuning constant over the whole range of ethanol content, which should be significantly smaller than one engine cycle duration.
According to the model from (11)- (21) , is varying in accordance with the variation of ECT, manifold absolute pressure , and also with the variation of the ethanol content , i.e., . If we consider the effect of flow of air, then Reynolds number and Schmidt number should be involved in the formulation; in this case, may be also dependent on the air charge mass, engine RPM, and the port diameter as in [18] or [13] . Nevertheless, the stagnant air assumption may well capture the whole process of droplet evaporation or the spray injection process in PFI engines considering the usual timing of the fuel injection to the intake port before the intake valves open. Fig. 4 shows the wall-impacting fraction for the four gasoline components for E0 and E43, and ethanol for E100 and E43 as an example of the wall impacting fractions after the model calibration and the fuel simplification discussed in Section VI. The last subplot of Fig. 4 shows the wall-impacting fraction for ethanol. Fig. 4 depicts that lighter fuel components have relatively small among gasoline components since more droplet mass is evaporated before hitting the port wall, e.g., cyclo-hexane has very small number of even though its nominal mass fraction in gasoline is the highest, i.e., 0.65 in Table I .
The evolution of the droplet evaporation and the resulting wall impacting mass fractions can be computed offline and produce a five (5) 3-D lookup table which can be used in the fuel puddle evaporation process. By observing the trends of the 
Specifically, Fig. 5 shows the computed for different gasoline-ethanol mixtures (22%, 45%, 64%, and 85%) in bars of blue, cyan, yellow, and red colors and at three different coolant temperatures (ECT) and two manifold pressures. Fig. 5 suggests that the linear interpolation, (22) and (23), is especially a good approximation in low ECT range, where the wall-impacting mass fraction is relatively high as shown in Fig. 4 and hence more accuracy is necessary. For more accuracy, the five wall impacting factors could be stored as 3-D maps as a function of finer fuel volumetric ethanol content than the one suggested from (22)- (23) based on the two end compositions, namely E0 and E100. Note that the total wall-impacting mass fraction of the injected fuel is the sum of each over all fuel components, . The total wall-impacting mass fraction, , may be compared with certain reference values, e.g., obtained by the least squares fit from Section II, for initial rough calibration. However, alone cannot capture the vaporization process of fuel puddle and both of the wall-impacting mass fraction of each fuel component and aggregate factor are finally implemented in the single puddle vaporization model which will be discussed in Section V.
V. SINGLE PUDDLE VAPORIZATION MODEL
Some droplets of the injected fuel hit the port wall before their complete evaporation. That mass forms a fuel puddle on the port wall and some portion of the puddle also vaporizes from the puddle. The mass of each component in the fuel puddle at intake valve opening (IVO) is equal to the sum of the previous-cycle mass and the portion of the newly injected fuel that hits the puddle. The total puddle mass at IVO is equal to the sum of masses of each component (24) (25) where denotes the event or cycle number, is index for fuel component, and is the total number of fuel components . It is assumed that the rest of injected fuel is evaporated and enter the cylinder on the intake stroke. The puddle mass at intake valve closing (IVC)
is derived from Locatelli's model [13] . Assuming a cylindrical fuel puddle along the port wall, let be the thickness of the puddle which is assumed constant along the height of the fuel puddle. The height of the puddle is varying according to the mass variation of the puddle. The vaporization rate is expressed as (26) (27) where is the density of the fuel puddle, is the surface area of the puddle exposed to air flow, is the port diameter, is the diffusion coefficient, is the Sherwood number, is the transfer number, and is the instantaneous puddle mass such that . The fuel puddle mass at IVC is then obtained by integrating (27), for one cycle duration (28) where (29) In the previous equation, denotes the engine RPM and a correction factor parameterized by the ethanol content is introduced to correct the effect of variation of fuel film thickness according to the ethanol content variation. The correction factor is modeled as a linear variation with the change of the ethanol content (30) where is a tuning constant. The evaporated mass is expressed as (31) where the mass fraction of evaporation from the mass at IVO is defined as . Sherwood number is computed as follows [24] : The computation at step is completed by updating the masses of each fuel component at the end of the intake stroke accounting for the evaporated fuel (37) (38) Finally, the mass of fuel inducted into the cylinder is (39) We can compute AFR and at each step as follows: (40) (41) where the stoichiometric AFR is computed by (42) Fig. 3 depicts the model summary where inputs to each submodel and tuning constants associated with each submodel are shown. In the droplet evaporation model, the parameter indicates the initial droplet diameter right after injection. The droplet evaporation model passes over to the single-puddle vaporization model as inputs. Since is an integration result according to (21) , the internal states during the droplet evaporation simulation for implementation at every numerical computation time step do not have to be known. Therefore, to avoid unnecessary increase of online computation time, which might be caused by computing at every engine cycle, the droplet evaporation model is simulated offline to generate and the results are implemented as engine maps in the single-puddle vaporization model which updates its states every engine cycle.
VI. SIMULATION
The resulting model takes six inputs and uses eight parameters to produce the fuel amount inducted into the cylinder and as shown in Fig. 3 . The effect and topology of the eight parameters in the model structure is physically motivated. The droplet evaporation model depends on two parameters: the droplet decay time constant introduced in the model in [13] and the droplet diameter which is physically necessary and is tuned according to the setting. The puddle vaporization model depends on two physically motivated parameters: the puddle thickness and introduced to consider actual variation of on ethanol content. The vaporization process depends on, and at the same time, influences temperature through four parameters , and . These four parameters (two for the droplet and two for the film) are used to account for the vaporization effect on surface temperature approximated as apparent temperature. This number of parameters in the ethanol-temperature relationship is not actually too high if one considers using an affine fit for each fuel blend we used for calibration. For parameter tuning and the model validation, the three different experiments of [2] have been obtained.
The experimental data show the traces measured by a Universal Exhaust Gas Oxygen (UEGO) sensor for different fuel blends of E0, E22, and E85, respectively, while the 4.6 L 2 V engine operates from cold start till full warm-up for each blend and several steps of tip-ins and tip-outs are applied.
As stated in Section III, the multi-component model fuel for gasoline was first taken from the mass fractions in [5] . The eight parameters associated with our model were then tuned for that model fuel which uses eight chemical compounds including ethanol. The tuning of the model parameters is explained below. First, the initial droplet diameter, , was chosen and the time constant, , was tuned so that the whole droplet evaporation process around the engine coolant temperature range (290-370 K) and the manifold absolute pressure range (0.1-0.8 bar) yielded a reasonable range of the wall impacting factors, . The value for was determined to be close to ambient temperature. The product of and was tuned to yield proper shapes of excursions for E0, and then each parameter was determined by matching the excursions for E85. Likewise, the film thickness was tuned to match the film vaporization rate for E0; and were tuned to match the data for E85. In this way, true validation is obtained through the comparison between simulation and experiments for E22. Table II summarizes the tuned parameters and their values. The port diameter is 0.045 m. Using these parameters, the gasoline fuel components were then reduced to yield similar model simulation results to those of the previously used gasoline fuel components of [5] . Table I summarizes the optimized fuel fractions in the last column and the following simulations used those fuel fractions associated with a four-component gasoline instead of the original seven components in [5] . As previously discussed in Section IV, for gasoline components and for ethanol are calibrated for E0 and E100 cases, respectively, and all the intermediate 's for (22) and (23) 3 . Further work is needed for establishing a further simplification an or automated parameter calibration technique. A detailed analysis of the model sensitivity on small fuel variability, such as summer and winter grade gasoline, is also required in the future. Fig. 6 shows the inputs to the (puddle vaporization) model for E0, based on the warm-up tests performed in [2] . Similar inputs obtained from the tests performed in [2] were used for E22 and E85, although not shown here. The air charge associated with the six inputs was estimated using the methodology of [8] and [22] and Ford proprietary calibration of the manifold filling dynamic model and the cylinder pumping. 3 Calibration for X with respect to E85 data is first performed and X for E100 is then obtained using the calibrated parameters. Fig. 7 shows the simulated fuel puddle mass and ethanol mass fraction in the puddle for each fuel case. The lighter fuel components would vaporize faster than the heavier, so the puddle mass and composition would evolve in time. Fig. 7 shows that the model predicts different fuel puddle composition from the injected fuel. Fig. 8-10 show the simulated responses using the proposed model for E0, E22, and E85, respectively, compared with the experimental data measured by a UEGO sensor. The agreement between the simulations and the experimental data is quite reasonable. Model matching is especially very good for sufficiently warmed-up operations. The model also predicts the overall decrease in magnitude of the excursions well. It also captures the asymmetric excursions due to tip-ins and tip-outs observed in the experimental data. The verification needs to be confirmed at more operating points to evaluate the model accuracy. However, the provided simulation and experimental re- sults reasonably support the validity of the proposed model for at least some operating conditions.
VII. TRANSIENT FUEL COMPENSATOR
TFC is realized by inverting the dynamics of the fuel film and injection. This means, for a linear fuel puddle model, cancellation of pole and zero in fuel puddle dynamics with zero and pole in TFC transfer function [1] , [15] . However, direct inversion of pole-zero cancellation as in a linear model is not available for our fuel puddle model. To design a transient fuel compensator, the current fuel injection should be expressed as a function of previous states, current output, and other current inputs since current states are not available. To this end, (39) can be utilized. However, the term is expressed involving complicated nonlinearity in , hence causing difficulty in getting the inverted expression of given a desired fuel in the cylinder . A reasonable approximation can be utilized to remedy this problem. First, let us express as follows using (37) and (31):
where (44) The normal vapor pressure of th component at the current step , can be calculated using the current engine coolant temperature , and the current ethanol content . Using (43) and (24), (39) is then expressed as (45) where the current total wall impacting fraction and the current wall impacting factor for each fuel component are obtained using the current ethanol content , the current engine coolant temperature , and the current manifold absolute pressure . To eliminate dependency of on in (45), we use a simplifying assumption that the composition of the fuel puddle is not affected significantly by the difference between the current injection and the previous injection . This assumption is reasonable for a large puddle mass, when higher accuracy of a transient fuel compensation is required. We can then approximate in (44) as (46) where (47)
In (49), can be calculated using the current inputs according to (29) and the approximation of the transfer number at the current step , can be computed as Using the approximation (46), the TFC is then calculated from (45) as (53) where
One easier way to approximate is to use previously calculated in the puddle model so that without recalculation of as above. This simpler approximation, however, results in poorer TFC performance as shown and discussed later in Fig. 12. Fig. 11 shows the and the injected fuel using the compensator in (53) to demonstrate the accuracy of our assumption and the approximation using (46)-(52), while Fig. 12 shows the simulated with the TFC based on a simpler (but cruder) approximation, . The simulation was done under the assumption that the plant follows the model perfectly and the states are known. A simulation using the model for E22 with inputs , ECT, and as prescribed in the experimental data used in Section VI, and as prescribed from the proposed TFC in (46)-(54) tuned for E22 is shown in Fig. 11 . The simulated trace in Fig. 11 shows several spikes due to the errors caused by the approximation but their amplitudes are negligible. This AFR accuracy is of course achieved only with very well tuned fuel puddle model parameters and known ethanol percentage.
VIII. CONCLUSION
In this paper, a physics-based fuel puddle model for any ethanol-gasoline mixture is developed. This model may be used for AFR control in FFVs with engines equipped with PFI. First, a multi-component fuel comprised of five chemical compounds is parameterized by ethanol content and is utilized to characterize gasoline-ethanol blends. The model consists of a droplet evaporation model and single-puddle vaporization model. The droplet evaporation model is presimulated offline to generate port wall-impacting factors of the injected multi-component fuel to be used in single-puddle. A single-puddle vaporization model is then utilized as a cycle-based model that may be simulated online to characterize the fuel puddle dynamics in port fuel injected engines. To verify the validity of the model, simulation results are compared with a limited number of experimental data. A transient fuel compensator using the proposed model is also formulated. Since direct pole-zero cancellation is not possible for the nonlinear model, an approximation is used to invert the model to design a TFC. The TFC approximation is demonstrated with a simulation.
Further work will be needed to reduce the model complexity and define the minimum set of tunable parameters. This future investigation could lead to on-board identification of the flexfuel puddle model.
